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Spin Seebeck effect in ε-Fe2O3 thin layer with high coercive field
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Spin Seebeck effect has been investigated in Pt/ε-Fe2O3 bilayers. The ε-Fe2O3 thin layer with
40 − 70 nm thickness were deposited by a spin-coating method on Y:ZrO2(100) substrates. The
prepared layers are highly oriented with the easy magnetic a-axis parallel to the film surface. The
magnetic hysteresis loops measured at room temperature with magnetic field parallel to the layer
exhibit coercive fields up to 11.6 kOe, which is so far the highest value measured for ε-Fe2O3 thin
layer samples. The shape of the spin Seebeck hysteresis loops is similar to the shape of magnetization
for single phase layers with coercive field around 10 kOe. In some prepared layers a small amount
of secondary soft ferrimagnetic phase is revealed by a constricted shape of magnetization loops, in
contrast to spin Seebeck loops, where no constriction is observed. A difference in encountered in the
case of layers with a small amount (1− 2 volume%) of secondary soft ferrimagnetic phase, which is
revealed by a constricted shape of magnetization loops, in contrast to spin Seebeck loops, where no
constriction is observed.
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I. INTRODUCTION
The recently emerged field of spin caloritronics, a mul-
tidisciplinary field combining thermoelectricity and spin-
tronic, is concerned with the interplay between heat cur-
rents and spin angular momentum transport [1]. One
of the well-established phenomena of spin caloritronics
is the spin Seebeck effect (SSE) discovered in 2008 by
Uchida et al. [2]. The SSE is a two-step process that
requires an interface between a spin-polarized material,
typically ferro- or ferrimagnet (FM), and a normal metal
(NM). Temperature gradient applied to the FM material
generates spin currents, which is converted to electrical
current by means of the inverse spin Hall effect (ISHE)
[3] in the attached NM thin layer. A necessary condi-
tion for the generation of SSE is that the directions of
the spin current, magnetic moments and electrical cur-
rent have mutually perpendicular components. In anal-
ogy with Seebeck effect, the spin Seebeck coefficient is
defined as SSSE = EISHE/∇T .
In the this work we present a study of SSE in ε-Fe2O3.
The ε-Fe2O3 phase was first observed by Forestier and
Guiot-Guillain in 1934 [4] and named by Schrader and
Buttner in 1963 [5]. In distinction to well-known iron ox-
ides, which crystallize in a high symmetric space groups,
namely either cubic Fd3m in the case of magnetite Fe3O4
and maghemite γ-Fe2O3, or hexagonal R3c in the case
of hematite α-Fe2O3, the symmetry of ε-Fe2O3 is or-
thorhombic. The iron atoms occupy in the ε-Fe2O3
structure four crystallographically inequivalent cation
sites: three octahedral and one tetrahedral site, deter-
mining the magnetic behaviour of the material. Each
of the four inequivalent magnetic sublattices exhibits
different temperature dependence [6]. The material is
∗corresponding author: knizek@fzu.cz
ferrimagnetic at room temperature, with relatively low
remanence ∼8 emu/cm3 and saturation magnetization
∼17 emu/cm3, and giant coercive field ∼20 kOe ascribed
to its high magnetocrystalline anisotropy [7, 8], which can
enhanced up to 31 kOe by Rh doping [9]. It undergoes a
transition to the paramagnetic state at TC ∼490 K, and
a two step magnetic transition in the temperature range
100− 150 K accompanied by a decrease in coercive field
[8, 10, 11]. The magnetization can be enhanced by a sub-
stitution of non-magnetic cation, e.g. Al or Ga, at the
tetrahedral site, however at the expense of lower coercive
field [12].
The high coercive field and multiferroic behaviour sug-
gest the enormous application potential of ε-Fe2O3 as a
functional magnetic material, especially for applications
where materials with considerable magnetic hardness is
needed e.g. in storage media, or devices controlled by
external magnetic or electric field. Coupling of the mag-
netic and dielectric properties of ε-Fe2O3 was reported in
[13], demonstrating also its multiferroic character. An-
other application as an electromagnetic wave absorber
for high-speed wireless communication has been proposed
in [14]. The frequencies of the absorption peaks for
ε-Fe1−xAlxO3, originated due to the natural resonance
achieved by the large magnetic anisotropies, were ob-
served between 182 − 112 GHz for x = 0 − 0.4, respec-
tively. Such frequencies are the highest ones for magnetic
materials.
For its low surface energy, the dark brown polymorph
ε-Fe2O3 only exists in nanocrystalline forms. Due to
its thermodynamic metastability, it is difficult to pre-
pare ε-Fe2O3 in a pure form without admixtures of other
iron(III) oxide polymorphs. A widely respected synthesis
method to achieve high phase purity employs the meso-
porous silica template, which prevents the aggregation
of particles and provides the space confinement during
their growth enhancing thus their thermal stability [15].
So far, ε-Fe2O3 has been prepared in three morphologi-
cal forms: nanoparticles (in sizes 10−200 nm), nanorods
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FIG. 1: X-ray diffraction of the ε-Fe2O3 (black line) and
ε-Fe1.7Al0.3O3 (blue line) 70 nm thin films. The insets show
rocking-curve measurements. The diffraction peak (400) of
the YSZ substrate is skipped.
and nanowires with typical width 10−120 nm and length
more than 200 − 800 nm [7, 16, 17], and epitaxial films
were prepared by Pulsed layer (PLD) with thickness lim-
ited to∼110 nm [12, 18–21]. on Al2O3(001), SrTiO3(111)
and Y:ZrO2(100) substrates. The thin layers exhibit
lower coercive field then reported for samples in the form
of nanoparticles, with so far maximum value 8 kOe. Thin
films prepared by Atomic layer deposition (ALD) with
higher thickness 260 nm was reported in [22], however
they had a very low coercive field 1.6 kOe.
Due to the large magnetocrystalline anisotropy the in-
duced magnetization has a preferred orientation within
the crystal structure with an easy axis of magnetiza-
tion in the a-direction. Owing to their direction of easy
growth lying in the ab-plane, ε-Fe2O3 inherently tends
to crystallize with their c-axis perpendicular to the sub-
strate surface when deposited as thin films. Since the
magnetization vector in the SSE element should lie par-
allel to the film surface, ε-Fe2O3 is naturally suitable for
the SSE experiment.
In this work we present SSE and magnetic measure-
ment of ε-Fe2O3 and Al-substituted ε-Fe1.7Al0.3O3 thin
films with thickness of 40 and 70 nm deposited on single
crystal (h00)-oriented yttrium-stabilized zirconia (YSZ)
substrates.
II. EXPERIMENTAL
Thin films of iron oxide ε-Fe1−xAlxO3 with x = 0
and 0.3 were prepared by chemical solution deposition
(CSD) method on (h00)-oriented, epitaxially polished
cubic yttrium-stabilized zirconia (YSZ) with 9.5 mol%
Y2O3 (Crystal GmbH, Germany). Home synthesized iron
(III) isobutoxide and aluminum isobutoxide purchased
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FIG. 2: Depth profile of the atom concentrations determined
by ESCA for ε-Fe2O3-70 nm.
from Sigma Aldrich were used as metal precursor. De-
position solution were formed by dissolving of appro-
priate amounts of metal alkoxides in iso-butanol. The
overall metal concentration in deposition solutions was
c(Fe2++Al3+) = 0.076 mol·dm
−3. In order to prevent re-
action with air humidity all reactions and handling were
done under dry nitrogen. Before fabrication process, the
substrates were cleaned using isopropanol for eliminating
any dust or contaminants, and then rinsed with deionized
water. Prior to the deposition, substrates were treated
with plasma (Zepto Plasma cleaner, Diener Electronic,
Germany).
Thin film was deposited by spin-coating technique
(spin coater RC8 Gyrset by KarlSuss). Deposition so-
lution was dropped onto the substrate and spun at
3000 rpm for 30s. Thin film was dried at 110◦C for sev-
eral minutes and pyrolyzed at 250◦C for 5 min. Crys-
tallization annealing was done at 800◦C for 15 min in a
conventional tube furnace under open air atmosphere.
Deposition-crystallization step was repeated 14 times,
until required film thickness 70 nm were reached. Fi-
nal annealing at 800◦C for 60 min was done under the
same conditions.
Simultaneously with samples on YSZ, thin films on Si
wafers were prepared under the same deposition condi-
tions. These samples served for evaluation of film thick-
nesses by means of stylus apparatus (AlphaStep IQ, KLA
Tencor). The chemical composition of ε-Fe1−xAlxO3
deposition solutions were evaluated by XRF analysis
(Rigaku NEX CG energy dispersive fluorescence spec-
trometer with Rh 50 WX-ray source) on separate powder
samples prepared by pyrolysis and annealing of deposi-
tion solution.
SSE was measured using home-made apparatus. A lon-
gitudinal configuration was used, in which the directions
of the spin current, magnetic moments and electrical
current are mutually perpendicular, see the schema dis-
3played in Fig. 4d. AlN plate, as a thermally conducting
and electrically insulating material, was used to separate
the heater and the sample in order to uniformly spread
the heat flow over the sample area. The width of the
measured sample was 2 mm, the length 7 mm and elec-
tric contact distance (on Pt-layer) was 5 mm. Pt layer
converting spin current to voltage was deposited using
K550X Quorum Technologies sputter coater. The elec-
tric resistance of the Pt-layer measured by a 2-point tech-
nique varied for respective samples in the series within
the range 100 − 200 Ω. By comparison with the resis-
tivity of Pt films with variable thickness determined in
Ref. [23], we estimate the effective thickness of our Pt
films as 6 − 9 nm. The resistance of the ε-Fe2O3 thin
layer itself was more than 1 GΩ. Therefore, the contri-
bution of Nernst effects to the measured signal can be
considered as negligible due to the lack of free charge
carriers in the ε-Fe2O3.
The phase purity and degree of preferred orientation of
the thin films was checked by X-ray diffraction over the
angular range 2θ from 10 to 120◦ using the X-ray powder
diffractometer Bruker D8 Advance (CuKα1,2 radiation,
secondary graphite monochromator). The magnetic re-
sponse of the samples was measured within the range of
magnetic field from −50 to 50 kOe at room temperature
using a SQUID magnetometer (MPMSXL, Quantum De-
sign)
III. RESULTS AND DISCUSSION
The X-ray diffraction of the thin films only revealed the
reflections of the YSZ substrate and (00l) reflections of
the ε-Fe1−xAlxO3 phases. The c-axis preferred orienta-
tion is quantified by the full-width at the half-maximum
(FWHM) of the rocking curve, which is approx. 0.4◦ for
all thin films, see 1. The c-lattice parameters of ε-Fe2O3
samples, 9.462(1) A˚ (70 nm) and 9.456(1) A˚ (40 nm),
calculated using cosθ/ tanθ extrapolation to correct a
possible off-centre position of the film during XRD mea-
surement, are in good agreement with literature values
for ε-Fe2O3 [11, 24]. The stoichiometry of Al-substituted
layer was determined as x = 0.30(2) by XRF. This in ac-
cordance with the c-parameter 9.391(1) A˚ calculated for
ε-Fe1−xAlxO3, which agrees well with interpolated value
for x = 0.3 between ε-Fe2O3 and AlFeO3 [12, 25].
The depth profile of atom concentrations determined
by ESCA in dependence on the time of ion beam etching
for ε-Fe2O3-70 nm thin layer is displayed in 2. The anal-
ysis revealed a constant content of Fe and O for the first
range of the depth profile, corresponding to the Fe2O3
stoichiometry. It is followed by a gradual decrease of Fe
content and by a simultaneous increase of Zr and Y ac-
companied by an increase of oxygen content correspond-
ing to oxygen stoichiometry of Y:ZrO2. This gradual
change of cationic content might have been indication
of a partial substitution of Zr and Y in ε-Fe2O3 at the
interface between film and substrate. However, inspec-
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FIG. 3: Magnetization hysteresis loops measured at room
temperature of a) ε-Fe2O3-70 nm, b) ε-Fe1.7Al0.3O3-70 nm
and c) ε-Fe2O3-40 nm. Correction for secondary soft ferri-
magnetic phase is displayed.
tion of the etched region of the film revealed, that the
rate of etching was not uniform throughout the etched
area. Therefore the gradual change of cationic content is
caused by a simultaneous measurement of the film and
the substrate at various parts of the etched area, and not
by the substitution. The ratio of Y:Zr is strictly constant
for all measured levels, and as such double substitution
in ε-Fe2O3 is less probable, it also excludes the possible
substitution of substrate cations to ε-Fe2O3.
The magnetic properties of the ε-Fe1−xAlxO3 thin lay-
ers were characterized by magnetization loops measured
at room temperature in parallel orientation with external
magnetic field. In order to obtain solely the film signal,
the bare YSZ substrate was measured separately and the
magnetization loops have been corrected for the diamag-
netic contribution of the substrate.
The hysteresis loop for ε-Fe2O3-70 nm is displayed in
Fig. 3a. The shape of the loop is typical for ferrimagnetic
materials with a pronounced high-field induced parapro-
cess above 20 kOe. No distortion of the loop, which would
4-40 -30 -20 -10 0 10 20 30 40
-0.2
-0.1
0.0
0.1
0.2
0 2 4 6 80.0
0.2
Magnetic field (kOe)
 
 
 ∆T = 7 K
 ∆T = 6 K
 ∆T = 5 K
 ∆T = 4 K
V S
SE
 
(µV
)
Hc = 10.4 kOe
ε-Fe2O3 40 nm
 
 
V S
SE
 
(µV
)
∆T (K)
d)
-40 -30 -20 -10 0 10 20 30 40
-0.8
-0.4
0.0
0.4
0.8
0 2 4 6 80.0
0.4
0.8
Magnetic field (kOe)
 
 ∆T = 7 K
 ∆T = 6 K
 ∆T = 5 K
 ∆T = 4 K
V S
SE
 
(µV
)
Hc = 6.4 kOe
ε-Fe1.7Al0.3O3 70 nm
 
 
V S
SE
 
(µV
)
∆T (K)
-40 -30 -20 -10 0 10 20 30 40
-0.4
-0.2
0.0
0.2
0.4
0 2 4 6 80.0
0.4
ε-Fe2O3 70 nm
Magnetic field (kOe)
Hc = 9.5 kOe
 
 
 ∆T = 7 K
 ∆T = 6 K
 ∆T = 5 K
 ∆T = 4 K
V S
SE
 
(µV
)
 
 
V S
SE
 
(µV
)
∆T (K)
a)                                                        b)
c)                                                        d)
FIG. 4: SSE for various temperature gradients of a) ε-Fe2O3-70 nm, b) ε-Fe1.7Al0.3O3-70 nm and c) ε-Fe2O3-40 nm. Insets show
the dependence of SSE at 0 kOe (△) and 40 kOe (∇). d) Schema of the longitudinal experimental configurations. Directions
of spin current ( ~Js), temperature gradient (∇~T ), magnetization ( ~M), and electrical field resulted from inverse spin Hall effect
( ~EISHE), are shown.
indicates a presence of magnetic impurities, is observed.
The coercive field is Hc = 11.6 kOe. Although this value
is smaller than Hc = 20 kOe reported for ε-Fe2O3 in the
form of nanoparticles, [7, 26], it is larger than values re-
ported so far for thin films, where maximum 0.8 kOe was
found [12, 18]. The magnetic remanence 32 emu/cm3
is comparable to the value reported for nanoparticles
(around 35-40 emu/cm3) [7, 26]
In distinction to ε-Fe2O3, the hysteresis loop of
ε-Fe1.7Al0.3O3 thin layer exhibits a slightly constricted
shape, see the Fig. 3b. Constricted shape can be
explained by a coexistence of two ferro/ferri-magnetic
phases (soft and hard), in this case by a presence of a sec-
ondary minor phase with soft magnet properties. Among
iron oxides, the possible soft ferrimagnets are γ-Fe2O3
and Fe3O4, considered also as magnetic impurities in
[12, 18]. Both these phases have spinel structure and have
similar magnetic properties, with saturated magnetiza-
tion ∼400 and ∼300 emu/cm3 for γ-Fe2O3 and Fe3O4,
respectively, see e.g. the hysteresis loops of thin layers
of γ-Fe2O3 and Fe3O4 in [27]. Since the saturated mag-
netization of both spinel phases is several times higher
than magnetization of ε-Fe2O3, the correction of 1 vol-
ume% of γ-Fe2O3 or 1.3 volume% of Fe3O4 was sufficient
to remove the inflections in the hysteresis loop. This low
content of secondary phase was not detected by XRD.
After the correction, the coercive field of ε-Fe1.7Al0.3O3
is Hc = 6.5 kOe, which is smaller compared to ε-Fe2O3
thin layer, as expected for Al-substituted phases [12].
The hysteresis loop for ε-Fe2O3-40 nm is displayed in the
Fig. 3c. It exhibits a more constricted shape with appar-
ently Hc = 8.2 kOe. After the correction of 1.8 volume%
of γ-Fe2O3 or 2.3 volume% of Fe3O4, the coercive field is
Hc = 11.0 kOe, comparable with 70 nm film.
The spin Seebeck signal was measured in the longi-
tudinal configuration depicted in Fig. 4d, in which the
directions of the magnetic field is parallel with the film
surface, the same as in magnetic measurements. The
spin Seebeck signal of ε-Fe1−xAlxO3 for various temper-
ature differences △T at room temperature is displayed
in Figs. 4a-c. The shape of the spin Seebeck signal in de-
pendence on the magnitude and polarity of the magnetic
field basically resemble the magnetization loops. The
spin Seebeck loops exhibit similarly high coercive fields
and continuous increase of the signal at high field. Both
the spin Seebeck signal determined at zero field, i.e. re-
manent spin Seebeck signal, and determined at maximum
field 4 T, linearly increase with temperature difference
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FIG. 5: Comparison of magnetization and SSE hysteresis of
ε-Fe2O3-70 nm, ε-Fe1.7Al0.3O3-70 nm and ε-Fe2O3-40 nm.
△T , see the insets of the Fig. 4a-c. The coercive field is
independent on △T .
The similarity of the magnetic and SSE hysteresis
loops is demonstrated in the Fig. 4. The shape of the hys-
teresis loops are practically the same for ε-Fe2O3-70 nm
layer, see the Fig. 4a. The coercive field is 9.5 kOe for,
which slightly lower than that of magnetization loops. In
the case of ε-Fe1.7Al0.3O3-70 nm layer the coercive field
Hc is to 6.4 kOe, in good agreement with magnetization
Hc after correction, see the Fig. 4b. However, in distinc-
tion to constricted magnetization loop, the spin Seebeck
loop exhibits no deformation. This difference between
magnetization and spin Seebeck loops is also observed
for ε-Fe2O3-40 nm layer, see Fig. 4c. Although the mag-
netic hysteresis loop is markedly constricted, there is no
indication of deformation of the spin Seebeck loop by a
secondary phase.
This is rather unexpected, since both Fe3O4 and
γ-Fe2O3 phases, which are considered as possible sec-
ondary magnetic phases, were proved to exhibit signifi-
cant spin Seebeck signal [27, 28]. The accurate compari-
son of SSE measured by different laboratories is difficult,
since in most of the experimental setups the tempera-
ture sensors measuring the temperature difference △T
describes not merely the thermal characteristics of the
studied layered material but the whole measurement cell
instead, which makes the quantity in units of µV/K phys-
ically irrelevant to the SSE itself [29–31]. Nevertheless,
as the SSE in ε-Fe1−xAlxO3 is about 10× smaller than in
Fe3O4 or γ-Fe2O3, so even taking into account this un-
certainty, it could be expected that their presence should
affect SSE signal similarly as magnetization.
A different shape of the magnetization and SSE loops
was also observed for 1 mm thick (Mn,Zn)Fe2O4 sample
in [32], where SSE exhibited hysteresis with Hc ∼ 1 kOe
in contrast to magnetization without hysteresis. It was
explained by the authors, that the voltage signal reflects
only the interface magnetization information, which can
be different from magnetization for the bulk in general.
However, in our case of 40 and 70 nm thin films, the
SSE is generated from the whole film volume, that is
confirmed by the proportional increase of the signal with
the film thickness.
In our case the explanation is probably related to per-
colation of the spin current. If the minority ferrimagnetic
phase is not present at the thin film surface, i.e. near the
Pt layer, the spin current of the minority phase do not
percolate up to the Pt layer, therefore do not contribute
to SSE. However, further studies are needed to confirm
this hypothesis.
IV. CONCLUSIONS
Spin Seebeck effect has been investigated in
Pt/ε-Fe1−xAlxO3 bilayers in longitudinal configura-
tion. The ε-Fe1−xAlxO3 (x = 0 and 0.3) thin layer with
40 − 70 nm thickness were deposited by a spin-coating
method on Y:ZrO2(100) substrates. The prepared
layers are highly oriented with the easy magnetic a-axis
parallel to the film surface. The magnetic hysteresis
loops measured at room temperature with magnetic
field parallel to the layer exhibit coercive fields up to
11.6 kOe, which is so far the highest value measured
for thin layer samples. The shape of the spin Seebeck
hysteresis loops is similar to the shape of magnetization
for single phase layers with coercive field around 10 kOe.
A difference in encountered in the case of layers with
a small amount (1 − 2 volume%) of secondary soft
ferrimagnetic phase, which is revealed by a constricted
shape of magnetization loops, in contrast to spin Seebeck
loops, where no constriction is observed. This difference
is probably related to a percolation of the spin current.
If the minority ferrimagnetic phase is not near the thin
film surface, i.e. near the Pt layer, the spin current of
the minority phase do not percolate up to the Pt layer,
therefore do not contribute to spin Seebeck signal.
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